Objective: To quantify longitudinal change in financial and health literacy and examine the associations of declining literacy with incident Alzheimer's disease (AD) dementia and mild cognitive impairment (MCI). Method: Data came from 799 participants of an ongoing cohort study. Literacy was measured using a battery of 32 questions. Clinical diagnoses were made annually following uniform structured procedures. The associations of declining literacy with incident AD dementia and MCI were tested using a joint model for longitudinal and time-to-event data. Results: We observed an overall decline in total literacy score over up to 6 years of follow-up (p < .001). Faster decline in literacy was associated with higher risks for incident AD dementia (hazard ratio = 4.526, 95% confidence interval = [2. 993, 6.843], p < .001) and incident MCI (hazard ratio = 2.971, 95% confidence interval = [1.509, 5.849], p = .002).
Introduction
Maintenance of functional literacy, particularly in the domains of financial and health matters, is essential for independence and well-being in late life. Lower financial literacy is associated with poor financial outcomes including suboptimal retirement planning and less wealth accumulation (Lusardi & Mitchell, 2011) . Lower health literacy is associated with adverse health outcomes, including all-cause mortality (Baker et al., 2007) , hospital admission (Baker, Parker, Williams, & Clark, 1998) and readmissions (Bailey et al., 2015) , as well as poorer overall physical and mental health (Wolf, Gazmararian, & Baker, 2005) . Furthermore, older persons with higher financial and health literacy are more likely to engage in health-promoting behaviors (J. S. Kobayashi, Wardle, Wolf, & von Wagner, 2016) and exhibit better decision making . Importantly, cross-sectional data suggest that many older persons exhibit low levels of financial and health literacy (Baker, Gazmararian, Sudano, & Patterson, 2000; Kutner, Greenburg, Jin, & Paulsen, 2006) , but data on possible age-related changes in literacy are just beginning to emerge. One recent study in England reported a decrease in health literacy over time in a cohort of noncognitively impaired adults aged 52 years and older (Kobayashi, Wardle, Wolf, & von Wagner, 2015) , but findings were based on only two waves of data. Thus, the degree to which low literacy in old age reflects a longstanding phenomenon versus an agingrelated process remains unclear.
Although prospective studies examining the relationship of functional literacy with the risk of Alzheimer's disease (AD) and its precursor, mild cognitive impairment (MCI), are limited, emerging data suggest that low literacy may be a harbinger of adverse cognitive health outcomes. One study reported that low health literacy was associated with an increased risk of "likely dementia" (Kaup et al., 2014) . Furthermore, we recently reported that higher levels of financial and health literacy were associated with a reduced risk of AD dementia (Wilson, Yu, James, Bennett, & Boyle, 2017) , and the association of literacy with AD was independent of traditional measures of cognition (Yu, Wilson, Schneider, Bennett, & Boyle, 2017) . However, because measurement of literacy at a single time point is influenced by preexisting factors such as education, occupation, and prior experience, it is unclear whether the relationship between literacy and cognitive impairment is driven by an underlying disease process. It is therefore of particular importance to examine whether literacy declines with advancing age and to determine whether agerelated changes in literacy are related to the risk of AD dementia or MCI.
In this study, we quantified the rate of change in literacy over many years in a large cohort of well-characterized and community-based older persons without dementia, and tested the hypothesis that faster decline in literacy is associated with incident AD dementia and incident MCI. To do so, we integrated up to 7 years of annual literacy assessments with annual clinical diagnoses of AD dementia by using a novel shared-parameter model. The approach allows examination of longitudinal data for literacy and time-toevent data for incident AD dementia in a single modeling framework. In a separate model, we examined the association with incident MCI.
Method

Participants
Data came from participants in the Rush Memory and Aging Project (MAP), a community-based longitudinal cohort study of aging and dementia (D. A. . Started in 1997, the study primarily recruits residents from continuous care retirement communities in northeastern Illinois. Participants are enrolled in the study without known dementia, and agree to detailed clinical evaluation every year and organ donation after death. The study was approved by the Institutional Review Board of Rush University Medical Center, and each participant signed a written consent form.
At the time of the analyses, MAP had recruited 1,850 older persons, of which 1,803 had completed the baseline evaluation. The assessment of literacy did not start until 2010. By then, 571 participants had died and 67 had withdrawn from the parent study. In addition, 73 participants had severe language, hearing, or vision difficulty or no longer lived in the geographical area. This left 1,092 participants eligible for the literacy assessment. Of those, 996 had completed at least one literacy assessment; 61 had yet to be approached and 35 (3.2%) had refused the assessment. As the analysis was primarily focused on the relationship of change in literacy with incident AD dementia, we further restricted the sample to 799 participants who had valid literacy data, were not demented at baseline, and had at least one follow-up clinical evaluation.
Assessment of Longitudinal Literacy
We define literacy as the ability to access, comprehend, and use financial and health information and concept to function effectively in society. Literacy assessment was administered annually using a battery of 32 questions, from which change in literacy was determined. The complete panel of questions has been published previously . Briefly, two components of literacy were available. A health literacy component was based on nine questions which covered topics including Medicare, following prescription instruction, vaccination, leading causes of death in elderly, and ability of assessing drug risk. Each of the nine questions was scored as correct or incorrect, and the health literacy score was the percent of total correct. Separately, a financial literacy component was based on 23 questions, many of which were adapted from the Health and Retirement Survey (Juster & Suzman, 1995) . This component assessed a broad range of knowledge on financial information, concepts, and numeracy. Each of the 23 questions was scored as correct or incorrect, and the financial literacy score was the percent of total correct. A composite score for total literacy was obtained by averaging the financial and health literacy scores. The total literacy score had adequate internal consistency and was correlated with health-promoting behaviors and health status in older persons (J. S. Han et al., 2014) . For the purpose of this study, literacy measures collected after the clinical events were not included in the analysis.
Diagnosis of AD Dementia and Cognitive Impairment
Each participant underwent uniform annual clinical evaluations that included a medical history, neurologic examination, and cognitive tests. Details of the diagnostic process have been described in prior publications (D. A. Bennett, Schneider, Bienias, Evans, & Wilson, 2005; Schneider, Arvanitakis, Leurgans, & Bennett, 2009) . Briefly, cognitive tests were scored by computer, and a neuropsychologist reviewed the scores and rated the presence of cognitive impairment in multiple cognitive domains including memory. AD dementia was diagnosed by a clinician using the recommendations of the joint working group of the National Institute of Neurologic and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA; McKhann et al., 1984) . MCI was determined for persons with cognitive impairment but without dementia.
Other Covariates
Common chronic medical conditions, including hypertension, diabetes, heart disease, cancer, thyroid disease, head injury, and stroke, were recorded. A composite score was obtained by adding up the number of conditions present, with higher score indicating greater burden of medical conditions . A 30-item Mini Mental State Examination (MMSE) was administered as a standard screening measure for dementia severity. The measure of instrumental activities of daily living (IADL) was adapted from the Duke Older Americans Resources and Services project, which assesses the ability of performing eight household management and self-care activities including telephone use, meal preparation, light housekeeping, heavy housekeeping, medication handling, finance handling, shopping, and traveling within the community. A composite score was obtained by adding up the number of activities that needed help with higher score indicating greater disability (Boyle, Buchman, Wilson, Bienias, & Bennett, 2007) . Number of depressive symptoms was measured using a 10-item version of the Center for Epidemiologic Studies Depression scale (CES-D) with higher score indicating greater depressive symptoms . The ability to read was assessed based on the National Adult Reading Test (NART), which measures the total number of 10 words correctly pronounced and higher score indicates better reading ability.
Statistical Analysis
Pearson and Spearman correlations and t tests examined the bivariate relationship between literacy measures and demographics, MCI status, as well as comorbid conditions at baseline. We assessed longitudinal change in literacy using a linear mixed model with random intercept and slope. In this model, the scores of annual literacy assessment were the continuous longitudinal outcome. For subject i, the longitudinal literacy scores are denoted by a vector y i , the model (M 1 ) took the form y i (t) = β 0 + β 1 t + b 0i + b 1i t + ε i . Note that the predictors included a term for time in years since the analytic baseline (t), and its coefficient β 1 , captures the mean rate of change in literacy (slope). Person-specific deviation from mean change in literacy is captured by random slope (b i 1 ). Next, a joint modeling approach for longitudinal and time to event data was used to examine the association of change in literacy with risk of incident AD dementia, and separately incident MCI. The statistical properties of the model are discussed in detail elsewhere (Rizopoulos, 2012) . Briefly, in our analysis, the joint model was composed of a longitudinal submodel, as in M 1 , and a
Here, h t 0 ( ) is the baseline hazard, y t i ( ) is the literacy at time t as in M 1 and the derivative d dt y t i ( ) captures the rate of decline (slope) in literacy. As the result, exp(α 1 ) estimates the hazard ratio (HR) with every 1%/year slower of decline in literacy. The estimates were derived by maximizing the joint likelihood function of the two submodels. Baseline characteristics X i included age, sex, years of education, and level of literacy. In sensitivity analyses, we added additional model terms to control for potential confounding due to chronic medical conditions, MMSE score, IADL disability, depressive symptoms, and NART reading ability. The analyses were done using SAS/STAT software, version 9.3 (SAS Institute, Cary, NC, USA) and the JM package for R, version 3.1.2 (Rizopoulos, 2010) . We applied a nominal α level of .05 to determine statistical significance.
Results
A total of 799 participants were included in the primary analyses (Table 1) . The mean baseline age was 81.7 years (standard deviation [SD] = 7.7), and 610 (76.4%) were females. The mean years of education was 15.3 (SD = 3.0). At baseline, all participants were free of dementia, and 167 (20.9%) were diagnosed with MCI. On average, participants answered 67.8% (SD = 14.5%) of the literacy questions correctly at baseline, with more correct answers on the financial literacy (Mean = 73.3%, SD = 15.8%) than health literacy (Mean = 62.3%, SD = 18.3%) questions (t = 17.1, degrees of freedom = 798, p < .001). Age was correlated with financial and health literacy (Pearson correlations −.25 and −0.30 respectively, ps < .001), so was years of education (Pearson correlations .37 and .27, respectively, ps < .001). Males showed better financial literacy than females (82.7% for males vs. 70.4% for females, t = 10.6, degrees of freedom = 353.9, p < .001), but no sex difference was found in health literacy. Consistent with a previous report , we also found poorer baseline literacy in older persons with MCI, compared with those with no cognitive impairment (NCI). Specifically, the mean financial literacy score was 75.2% in NCIs versus 66.4% in MCIs (t = 5.84, degrees of freedom = 230.4, p < .001), and the mean score for health literacy was 64.8% in NCIs versus 52.8% in MCIs (t = 7.85, degrees of freedom = 797, p < .001). We observed a weak correlation between chronic medical conditions and health literacy (Spearman correlations = .11, p = .002), but there was no correlation with financial literacy (p = .802). Higher MMSE score was correlated with higher financial and health literacy (Pearson correlations = .29 and .40, respectively, ps < .001), and higher NART reading ability was correlated with higher financial and health literacy (Spearman correlations = .37 and .27, respectively, ps < .001). Participants with greater IADL disability had lower financial and health literacy (Spearman correlations = −.29 and −.26, respectively, ps < .001). There were also weak correlations between depressive symptoms and financial and health literacy (Spearman correlations = −.17 and −.10, respectively, ps < .005).
Longitudinal Decline in Literacy Among Older Persons
The participants in the study completed multiple years of literacy assessments (median = 4, range = 2-7). Figure 1 illustrates person-specific trajectories of total literacy over time. For a representative female participant of 80 years of baseline age and 15 years of education, the average annual rate of decline in total literacy was about 1% (estimate = −0.919, standard error [SE] = 0.117, p < .001). A strong correlation was observed between the baseline literacy and the rate of decline such that subjects with higher score at baseline tended to have slower decline (p < .001). Older age and female sex, but not education, were associated with faster decline in total literacy ( Table 2 ). The result for health literacy was similar to that of total literacy. The rate of decline in financial literacy did not reach significance (p = .056). In analyses restricted to participants with NCI at baseline, we also observed decline in total literacy (Table 2) , which was largely driven by health literacy (p < .001), not financial literacy (p = .323). 
Declining Literacy and Incident AD Dementia and MCI
Over up to 6 years of follow-up, 94 (11.8%) participants developed AD dementia. Using the joint model, we observed that, after adjusting for age, sex, education and baseline literacy level, faster decline in total literacy was associated with a higher risk for incident AD dementia ( Table 3 ), such that with annual rate of decline in total literacy increased by 1% per year, the risk of developing incident AD dementia was increased by more than fourfold (HR = 4.526, 95% confidence intervals [CIs] = [2. 993, 6 .843], p < .001). As the mean decline in financial literacy did not reach statistical significance, we repeated our analysis only for health literacy. Similar to the result for total literacy, every 1% per year increase in the rate of health literacy decline increased the risk for incident AD dementia by more than threefold (HR = 3.828, 95% CIs = [2.549, 5.749], p < .001). Figure 2 illustrates predicted conditional survival probabilities of AD for representative participants with different rates of decline in literacy. Notably, participants with faster decline were much more prone to develop incident AD dementia later. Next, we investigated the association of change in literacy with incident MCI in analyses restricted to the 632 participants who were free of cognitive impairment at baseline; of those, 176 (27.8%) were diagnosed with MCI Note. The left panel shows the longitudinal total literacy scores over time for 100 randomly selected participants. The right panel shows the corresponding predicted decline (red) in same subjects and the predicted mean decline (black), estimated from a linear mixed model. during the subsequent visits. Adjusting for age, sex, education, and baseline level of literacy, a faster rate of decline in total literacy was also associated with a higher risk for incident MCI (HR = 2.971, 95% CIs = [1.509, 5.849], p = .002). The result was similar for the association of decline in health literacy with incident MCI (HR = 2.397, 95% CIs = [1.603, 3.585], p < .001).
We performed several sensitivity analyses to assess the robustness of these findings. First, we examined potential confounding due to chronic medical conditions, MMSE score, IADL disability, depressive symptoms, and NART reading ability. Additional terms corresponding to these confounders were added to the models, each separately. In these analyses, we observed that MMSE score, IADL disability, and depressive symptoms were associated with the risk of AD dementia. In addition, MMSE score and IADL disability were also associated with incident MCI. Notably, however, the association of declining literacy persisted even after controlling for these covariates (Supplementary Tables 1 and 2 ). Furthermore, considering that individuals who develop AD or MCI are likely to perform worse on the literacy measure, we conducted an additional analysis to ensure that our results were not driven by the literacy score at the time of clinical diagnosis. To do so, we excluded the last literacy measure from the models. The results were similar, suggesting that the core finding was not driven by the literacy performance at the time of diagnosis (Supplementary Table 3 ).
Discussion
In this study of almost 800 well-characterized older persons without dementia, we show that longitudinal decline in domain-specific literacy is associated with adverse cognitive outcomes. The study offers new insight into age-related changes in financial and health literacy among community-based older persons without dementia. To our knowledge, only one prior study examined change in literacy. It reported that about 20% of participants 52 years of age and older showed a decrease in health literacy, and the odds of being a decliner were greater among older persons and those with cognitive decline (Kobayashi et al., 2015) . Notably, however, these findings were based on only two waves of literacy data, leaving open the question as to how literacy actually declines with advancing age. One innovation of our study is that, by leveraging up to seven annual assessments of financial and health Note. Statistics presented in each cell are estimate of log hazard ratio (standard error), p values. The estimate refers to the log hazard ratio with every 1%/year slower decline. A negative value for change in literacy means slower decline protects against risk for incident AD dementia or MCI. AD = Alzheimer's disease; MCI = mild cognitive impairment.
literacy, we were able to quantify person-specific rates of literacy decline in older persons who were not demented at baseline. We showed that there is an average decline in total literacy, and health literacy in particular. Furthermore, these analyses revealed considerable heterogeneity in rates of change across subjects. About 20% of the participants in our study managed to maintain literacy (that is, showed no decline or even improvement), while others experienced decline in literacy over the years. It is noteworthy as well that, in our cohort, we observed an overall decline in literacy even among older persons without any cognitive impairment at baseline (no dementia or even MCI). The results provide additional information regarding the dynamic nature of literacy and suggest that literacy is not a trait but rather degrades over time and with advancing age. The study shows that declining literacy in old age substantially increases the risk for AD dementia and MCI. It was previously reported that literacy (measured at a single time point) was related to the risk of AD dementia; however, the mechanisms underlying such an association remain unknown. Two plausible hypotheses are that (a) poor literacy represents a very early manifestation of an underlying disease process and therefore is a harbinger of impending cognitive deficits, and (b) better literacy is related to healthpromoting behaviors which protects against cognitive impairment. Findings from this study on declining literacy and cognitive impairment lend support to the first hypothesis. It is now widely acknowledged that AD is the result of a sequence of pathophysiological events (Sperling et al., 2011) and that AD pathology accumulates slowly over years or even decades prior to the onset of overt clinical symptoms (Markesbery, 2010) . Indeed, studies that include longitudinal assessment of cognition prior to dementia diagnosis provide objective evidence of the consequences of this unfolding disease process. Thus, while prior work examining the relation of literacy (measured at a single time point) with dementia was informative, the level of literacy performance at one time may be confounded by a variety of preexisting factors such as education, occupation, and other life experiences. In contrast, with these confounding factors being relatively stable in old age, we believe change in literacy serves as a more sensitive marker for progression of an age-related disease process. Thus, the relationship between literacy and AD is likely multifaceted. In the present results, both the baseline level of literacy and subsequent decline in literacy were associated with incident AD dementia, suggesting that the two measures may capture different aspects of this complex relationship. By demonstrating the relation of declining literacy with the onset of AD dementia and MCI, this study suggests that declining literacy reflects an emerging disease process and may signal impending cognitive impairment.
Finally, a focus on constructs that involve complex abilities extending beyond those measured via traditional cognitive tests may facilitate early detection of persons at high risk of dementia or cognitive impairment. For example, in prior work, we showed that literacy involves cognitive function, particularly executive function and episodic memory, as well as other personality-related factors (Boyle et al., 2013) . Complex constructs such as literacy, which involve multiple skills and abilities, may be particularly vulnerable to age-related disease processes. In keeping with this idea, we and others have reported that cognition and other abilities are related to decision making in old age and that even very subtle (subclinical) age-related changes in cognition are associated with poor decision making . Thus, changes in these more complex behaviors may manifest years before onset of evident dementia or even MCI. Our findings demonstrate that declining literacy precedes the onset of AD dementia and even MCI. Importantly, although literacy may to some extent resemble an IADL, attainment and maintenance of literacy involves an active learning process that supports the acquisition, use and integration of domain-specific information and concepts. The construct of domain-specific literacy extends well beyond what is typically assessed by standard IADL measures or more basic tests of cognitive function. Indeed, declining literacy remains associated with AD dementia and MCI after adjustment for MMSE score, reading ability, and IADL disability. Our results suggest that domain-specific literacy may be helpful in facilitating the early detection of adverse cognitive outcomes.
The impact of declining literacy on our ever-growing aging population goes beyond the adverse cognitive outcomes studied here. Older persons are faced with many complex decisions that are essential to maintaining independence and well-being, including financial decisions (e.g., retirement spending, social security distributions) and health care choices, and we have shown that domain-specific literacy is an important determinant of decision making in late life . Other research also has shown that older persons are less engaged in medical decision making and more likely to defer to their physicians (Levinson, Kao, Kuby, & Thisted, 2005) , and declining literacy may be a factor in this passivity. In addition, declining literacy may also increase the risk of falling victim to financial and other forms of fraud. Supporting evidence from this cohort shows that older persons with lower financial and health literacy are more susceptible to scams (James, Boyle, & Bennett, 2014) . More research is needed to fully determine the public health implications of low and declining literacy among older persons.
To our knowledge, this is the first study that integrates longitudinal financial and health literacy data with annual clinical diagnosis in a large group of well-characterized community-dwelling older persons to quantify change in literacy over many years and document its associations with subsequent incident AD and MCI. The instruments for literacy assessments and clinical diagnoses are well validated and have been adopted in a number of prior studies. Longitudinal assessments of literacy are essential to provide objective measurement of change over time. Limitations are also noted. The analytic data come from a voluntary cohort, and the findings may not be generalizable to other older population. While we show that declining literacy precedes the onset of cognitive impairment, which potentially reflects the process where accumulation of neuropathology degrades literacy, future clinical pathologic studies are planned to elucidate impact of neuropathology on change in literacy.
Conclusion
This study investigated longitudinal change in literacy and tested the hypothesis that faster decline in literacy is associated with a higher risk of AD dementia and MCI. We observed an overall decline in literacy, which was largely driven by decline in health literacy. Older persons with faster decline in literacy had a substantially higher risk of incident AD dementia. Declining literacy was also associated with incident MCI. The findings from this study suggest that literacy declines with advancing age and that declining literacy may serve as an early indicator of adverse cognitive outcomes.
